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Abstract: Quantum frequency conversion (QFC) in nonlinear optical media is a powerful tool
for temporal-mode selective manipulation of light. Recent attempts at achieving high mode
selectivities and/or fidelities have had to resort to multi-dimensional optimization schemes to
determine the system’s natural Schmidt modes. Certain combinations of relative-group velocities
between the relevant frequency bands, medium length, and temporal pulse widths have been
known to achieve good selectivities (exceeding 80%) for temporal modes that are nearly identical
to pump pulse shapes, even for high conversion efficiencies. Working in this parameter regime
using an off-the-shelf, second-harmonic generation, MgO:PPLN waveguide, and with pulses on
the order of 500 fs at wavelengths around 800 nm, we verify experimentally that model-predicted
Schmidt modes provide the high temporal-mode selectivity expected. This paves the way to the
implementation of a proposed two-stage QFC scheme that is predicted to reach near-perfect
(100%) selectivity.
References and links
1. B. J. Smith and M. G. Raymer, “Photon wave functions, wave-packet quantization of light, and coherence theory,”
New Journal of Physics 9, 414 (2007).
2. M. G. Raymer and K. Srinivasan, “Manipulating the color and shape of single photons,” Physics Today 65, 32 (2012).
3. J. Roslund, R. M. de Araujo, S. Jiang, C. Fabre, and N. Treps, “Wavelength-multiplexed quantum networks with
ultrafast frequency combs,” Nat. Photonics 8, 109 (2014).
4. V. A. Averchenko, V. Thiel, and N. Treps, “Nonlinear photon subtraction from a multimode quantum field,” Phys.
Rev. A 89, 063808 (2014).
5. B. Brecht, D. V. Reddy, C. Silberhorn, and M. G. Raymer, “Photon temporal modes: A complete framework for
quantum information science,” Phys. Rev. X 5, 041017 (2015).
6. M. Pant and D. Englund, “High-dimensional unitary transformations and boson sampling on temporal modes using
dispersive optics,” Phys. Rev. A 93, 043803 (2016).
7. A. Lenhard, M. Bock, C. Becher, J. Brito, and J. Eschner, “Coherence and entanglement preservation of frequency-
converted heralded single photons,” arXiv:1703.02879 (2017).
8. J. Nunn, I. A. Walmsley, M. G. Raymer, K. Surmacz, F. C. Waldermann, Z. Wang, and D. Jaksch, “Mapping
broadband single-photon wave packets into an atomic memory,” Phys. Rev. A 75, 011401 (2007).
9. Z. Zheng, O. Mishina, N. Treps, and C. Fabre, “Atomic quantum memory for multimode frequency combs,” Phys.
Rev. A 91, 031802 (2015).
10. L. S. Costanzo, A. S. Coelho, D. Pellegrino, M. S. Mendes, L. Acioli, K. N. Cassemiro, D. Felinto, A. Zavatta, and
M. Bellini, “Zero-area single-photon pulses,” Phys. Rev. Lett. 116, 023602 (2016).
11. T. Zhong, J.M.Kindem, J. Rochman, andA. Faraon, “Interfacing broadband photonic qubits to on-chip cavity-protected
rare-earth ensembles,” Nat. Commun. 8, 14107 (2017).
12. A. Eckstein, B. Brecht, and C. Silberhorn, “A quantum pulse gate based on spectrally engineered sum frequency
generation,” Opt. Express 19, 13370 (2011).
13. B. Brecht, A. Eckstein, A. Christ, H. Suche, and C. Silberhorn, “From quantum pulse gate to quantum pulse
shaper—engineered frequency conversion in nonlinear optical waveguides,” New Journal of Physics 13, 065029
(2011).
14. B. Brecht, A. Eckstein, R. Ricken, V. Quiring, H. Suche, L. Sansoni, and C. Silberhorn, “Demonstration of coherent
time-frequency Schmidt mode selection using dispersion-engineered frequency conversion,” Phys. Rev. A 90,
030302(R) (2014).
15. V. Ansari, M. Allgaier, L. Sasoni, B. Brecht, J. Roslund, N. Treps, G. Harder, and C. Silberhorn, “Temporal-mode
tomography of single photons,” arXiv:1607.03001 (2016).
16. P. Manurkar, N. Jain, M. Silver, Y.-P. Huang, C. Langrock, M.M. Fejer, P. Kumar, and G. S. Kanter, “Multidimensional
mode-separable frequency conversion for high-speed quantum communication,” Optica 3, 1300–1307 (2016).
ar
X
iv
:1
70
2.
05
68
7v
2 
 [p
hy
sic
s.o
pti
cs
]  
28
 M
ar 
20
17
17. P. Manukar, N. Jain, P. Kumar, and G. S. Kanter, “Programmable optical waveform reshaping on a picosecond
timescale,” arXiv:1612.03263 (2016).
18. V. Averchenko, D. Sych, and G. Leuchs, “Heralded temporal shaping of single photons enabled by entanglement,”
arXiv:1610.03794 (2016).
19. M. Karpiński, M. Jachura, L. J. Wright, and B. J. Smith, “Bandwidth manipulation of quantum light by an electro-optic
time lens,” Nat. Photonics 11, 53 (2017).
20. V. Ansari, G. Herder, M. Allgaier, B. Brecht, and C. Silberhorn, “Temporal-mode detector tomography of a quantum
pulse gate,” arXiv:1702.03336 (2017).
21. M. Allgaier, G. Vigh, V. Ansari, C. Eigner, V. Quiring, R. Ricken, B. Brecht, and C. Silberhorn, “Fast time-domain
measurements on telecom single photons,” arXiv:1702.03240 (2017).
22. Y.-S. Ra, C. Jacquard, A. Dufour, C. Fabre, and N. Treps, “Tomography of a mode-tunable coherent single-photon
subtractor,” arXiv:1702.02082 (2017).
23. K. Hammerer, A. S. Sørensen, and E. S. Polzik, “Quantum interface between light and atomic ensembles,” Rev. Mod.
Phys. 82, 1041–1093 (2010).
24. P. J. Bustard, R. Lausten, D. G. England, and B. J. Sussman, “Toward quantum processing in molecules: A
thz-bandwidth coherent memory for light,” Phys. Rev. Lett. 111, 083901 (2013).
25. K. F. Reim, J. Nunn, X.-M. Jin, P. S. Michelberger, T. F. M. Champion, D. G. England, K. C. Lee, W. S. Kolthammer,
N. K. Langford, and I. A. Walmsley, “Multipulse addressing of a raman quantum memory: Configurable beam
splitting and efficient readout,” Phys. Rev. Lett. 108, 263602 (2012).
26. P. C. Humphreys, W. S. Kolthammer, J. Nunn, M. Barbieri, A. Datta, and I. A. Walmsley, “Continuous-variable
quantum computing in optical time-frequency modes using quantum memories,” Phys. Rev. Lett. 113, 130502 (2014).
27. P. Kumar, “Quantum frequency conversion,” Opt. Lett. 15, 1476–1478 (1990).
28. J. Huang and P. Kumar, “Observation of quantum frequency conversion,” Phys. Rev. Lett. 68, 2153–2156 (1992).
29. H. J. McGuinness, M. G. Raymer, C. J. McKinstrie, and S. Radic, “Quantum Frequency Translation of Single-Photon
States in a Photonic Crystal Fiber,” Phys. Rev. Lett. 105, 093604 (2010).
30. H. J. McGuinness, M. Raymer, C. McKinstrie, and S. Radic, “Wavelength translation across 210 nm in the visible
using vector Bragg scattering in a birefringent photonic crystal fiber,” IEEE Photon. Technol. Lett. 23, 109–111
(2011).
31. Y.-P. Huang and P. Kumar, “Mode-resolved photon counting via cascaded quantum frequency conversion,” Opt. Lett.
38, 468–470 (2013).
32. A. S. Kowligy, P. Manurkar, N. V. Corzo, V. G. Velev, M. Silver, R. P. Scott, S. J. B. Yoo, P. Kumar, G. S. Kanter, and
Y.-P. Huang, “Quantum optical arbitrary waveform manipulation and measurement in real time,” Opt. Express 22,
27942–27957 (2014).
33. J. M. Donohue, M. D. Mazurek, and K. J. Resch, “Theory of high-efficiency sum-frequency generation for
single-photon waveform conversion,” Phys. Rev. A 91, 033809 (2015).
34. H. J. McGuinness, M. G. Raymer, and C. J. McKinstrie, “Theory of quantum frequency translation of light in optical
fiber: application to interference of two photons of different color,” Opt. Express 19, 17876–17907 (2011).
35. L. Mejling, C. J. McKinstrie, M. G. Raymer, and K. Rottwitt, “Quantum frequency translation by four-wave mixing
in a fiber: low-conversion regime,” Opt. Express 20, 695–697 (2012).
36. D. V. Reddy, M. G. Raymer, C. J. McKinstrie, L. Mejling, and K. Rottwitt, “Temporal mode selectivity by frequency
conversion in second-order nonlinear optical waveguides,” Opt. Express 21, 13840–13863 (2013).
37. N. Quesada and J. E. Sipe, “High efficiency in mode-selective frequency conversion,” Opt. Lett. 41, 364–367 (2016).
38. D. V. Reddy,M.G. Raymer, andC. J.McKinstrie, “Efficient sorting of quantum-optical wave packets by temporal-mode
interferometry,” Opt. Lett. 39, 2924–2927 (2014).
39. D. V. Reddy, M. G. Raymer, and C. J. McKinstrie, “Sorting photon wave packets using temporal-mode interferometry
based on multiple-stage quantum frequency conversion,” Phys. Rev. A 91, 012323 (2015).
40. J. Nunn, S. Thomas, J. H. D. Munns, K. T. Kaczmarek, C. Qiu, A. Feizpour, E. Poem, B. Brecht, D. J. Saunders,
P. M. Ledingham, D. V. Reddy, M. G. Raymer, and I. A. Walmsley, “Theory of noise suppression in Λ-type quantum
memories by means of a cavity,” arXiv:1601.00157 (2016).
41. S. Clemmen, A. Farsi, S. Ramelow, and A. L. Gaeta, “Ramsey interference with single photons,” Phys. Rev. Lett.
117, 223601 (2016).
42. T. Kobayashi, D. Yamazaki, K. Matsuki, R. Ikuta, S. Miki, T. Yamashita, H. Terai, T. Yamamoto, M. Kaoshi, and
N. Imoto, “Mach-Zehnder interferometer using frequency-domain beamsplitter,” arXiv:1703.08114 (2017).
43. M. Raymer, S. van Enk, C. McKinstrie, and H. McGuinness, “Interference of two photons of different color,” Opt.
Commun. 283, 747 – 752 (2010).
44. C. J. McKinstrie, L. Mejling, M. G. Raymer, and K. Rottwitt, “Quantum-state-preserving optical frequency conversion
and pulse reshaping by four-wave mixing,” Phys. Rev. A 85, 053829 (2012).
45. W. H. Louisell, A. Yariv, and A. E. Siegman, “Quantum fluctuations and noise in parametric processes. i.” Phys. Rev.
124, 1646–1654 (1961).
46. G. Strang, Introduction to Linear Algebra (Wellesley-Cambridge Press, 1998), 3rd ed.
47. G. J. Gbur, Mathematical Methods for Optical Physics and Engineering (Cambridge Press, 2011).
48. J. B. Christensen, D. V. Reddy, C. J. McKinstrie, K. Rottwitt, and M. G. Raymer, “Temporal mode sorting using
dual-stage quantum frequency conversion by asymmetric Bragg scattering,” Opt. Express 23, 23287–23301 (2015).
49. K. Laiho, K. N. Cassemiro, and C. Silberhorn, “Producing high fidelity single photons with optimal brightness via
waveguided parametric down-conversion,” Opt. Express 17, 22823–22837 (2009).
50. A. M. Weiner, “Femtosecond pulse shaping using spatial light modulators,” Review of Scientific Instruments 71,
1929–1960 (2000).
51. E. Frumker and Y. Silberberg, “Phase and amplitude pulse shaping with two-dimensional phase-only spatial light
modulators,” J. Opt. Soc. Am. B 24, 2940–2947 (2007).
52. A. Christ, B. Brecht, W. Mauerer, and C. Silberhorn, “Theory of quantum frequency conversion and type-II parametric
down-conversion in the high-gain regime,” New Journal of Physics 15, 053038 (2013).
1. Introduction
Temporal modes of light [1] are a burgeoning new subspace for both classical and quantum
information encoding [2–7]. The temporal mode (TM) bases are discrete and in principle infinite
dimensional, and truly orthogonal. These orthogonal modes have overlapping spectra at the same
carrier frequency, fully overlap in time, and share the same polarization and transverse spatial
mode properties, making them convenient for long-distance communication and interfacing with
optical memories [8–11]. Co-propagating TMs maintain relative coherence across the entire mode
space, and experience the same reversible unitary dispersion during propagation in typical media.
In order to fully exploit TMs as a resource, we need highly TM-selective, high-fidelity devices
that can generate, sort, store, measure, and generally manipulate them, even at the single-photon
level [12–22].
Many optically-pumped processes, such as atomic-ensemble Raman memories [8, 23–26] and
nonlinear optical frequency conversion [27] via three/four-wave mixing [2, 28–30], are already
known to be TM sensitive when using pulsed pumps [31–33], and show TM discriminatory
behavior at low coupling strengths [12,34–36]. Increasing the pump intensities causes the TM
discrimination to peak and regress to smaller values, thus ultimately limiting the maximum
selectivity of straight-forward implementations of such processes [36]. This loss in selectivity is
understood to be a result of time-ordering effects between interacting temporal wave-packets of
the participating fields (be they electromagnetic, polarization-phononic, acoustic, etc.) convecting
through each other at varied group velocities [36, 37]. This selectivity limit, however, can be
asymtotically overcome [38] by using interferometric techniques (“TM interferometry”) in
cascaded setups to enhance TM separability up to 100%, even at large coupling strengths [37–42].
This new capability opens new avenues for information processing, including the complete set of
operations needed for linear-optical quantum information processing [5].
Quantum frequency conversion through χ(2)- or χ(3)- nonlinear media is gaining in usefulness
as an all-optical means of implementing a fully-programmeable “quantum pulse gate,” whose role
is tomultiplex and demultiplex TMs [12]. The ability of nonlinear frequency conversion to unitarily
reshape, and preserve quantum information stored in the TM basis is well known [27,43,44]. The
TM-selectivity of frequency conversion [36] suffers from the above-mentioned time-ordering-
induced upper limit, necessitating an eventual exploration of TM interferometry. Experimental
exploration of TM discrimination is still in its nascent stages [14–16, 20]. While the theoretically
predicted selectivity limit still stands to be broken, other more specific predictions of said theory
have yet to be validated. In this paper, we redress this issue both experimentally and theoretically,
as well as provide a simple parameter-set guideline to aid in designing similar processes in other
systems and spectral regions.
In the following, we first model pulsed-pump mediated, second-order-nonlinear-optical
frequency conversion between a signal band and an idler band as a set of coupled-mode equations,
and define a TM-selectivity figure of merit to characterize the process. We then showcase high TM
selectivity in a parameter regime where the pump and signal pulses propagate with the same group
velocity, but the idler group velocity is significantly different. We illustrate specific predictions of
the model for various input conditions, and propose a means of adequately approximating the
aforementioned parameter regime by choosing band-carrier frequencies around the ones phase
matched for second-harmonic generation (SHG) in typical off-the-shelf nonlinear waveguides.
We then demostrate TM-selective frequency conversion in a 5 µm wide, 5 mm long, MgO:PPLN
waveguide periodically poled for SHG from 816.6 nm to 408.3 nm at 24.25◦C. We employ a
Kerr-modelocked, ultrafast titanium-sapphire laser and a folded Treacy-grating pair pulse shaper
with a reflective, 2D spatial light modulator, to situate and shape the pump and signal bands at
821 nm and 812.2 nm respectively, with bandwidths ∼ 2.5 nm. We use pump pulses with energies
of order 10 nJ, and pulses of temporal widths of order 500 fs, to verify all the predicted features
of our model. The first two numerically computed, natural Schmidt modes of the model achieved
a 4.7-to-1 contrast (85% vs. 18%) in conversion efficiencies for the two tested pump shapes in
both theory and experiment. While the experiments are carried out using weak coherent-state
signals, theory indicates the same conversion efficiencies and TM selectivities would be observed
using heralded single-photon wave packets [34].
2. Theory and modelling
2.1. Equations of motion and selectivity
The model for frequency conversion (FC) of temporal wave-packet modes in a χ(2)-nonlinear
waveguide may be expressed as a pair of coupled-mode equations involving the electric-field
envelopes, treated as quantum field operators [36]. We designate the letters p, s, and r to
denote electromagnetic fields within the three participating frequency bands, namely, the
pump, signal, and idler bands, respectively. The band-central, or carrier frequencies have to be
constrained by energy conservation (ωr = ωs + ωp), and the nonlinear-optical waveguide used
for frequency conversion is assumed to be periodically poled to ensure proper phase matching
(βr − βs − βp − 2pi/Λ = 0, where βj are wavenumbers and Λ is the poling period) for the pulses’
carrier frequencies. If the pulses in question are sufficiently narrowband, we can ignore second-
and higher-order dispersion for all three bands, and write the coupled-mode equations as
(∂z + β′r∂t )Aˆr (z, t) =iγAp(t − β′pz)Aˆs(z, t), (1a)
(∂z + β′s∂t )Aˆs(z, t) =iγA∗p(t − β′pz)Aˆr (z, t). (1b)
Here, γ is a composite parameter denoting the strength of the interaction, and is linearly
dependent on the medium nonlinearity (χ(2)), and the pump-pulse energy, as well as transverse
spatial mode-overlap functions. The parameters β′j ≡ ∂ωβ(ω)|ω j are the corresponding group-
slownesses (inverse group velocities) for the bands j ∈ {r, s, p}, and the operators Aˆj(z, t) denote
field-annihilation operators for square-normalized, slowly-varying, complex amplitudes of the
temporal modes [1, 5] within the medium at location z along the propagation direction.
We require no additional noise operators in Eqs. 1 since quantum FC is in principle a noiseless,
unitary process [45]. In the single-photon case, these operators can be replaced by quantum
wavefunction amplitudes [1, 34]. For weak coherent pulses (as in the case of our experiment),
they can be replaced by complex functions denoting the classical pulse-envelope shapes, because
the same equations hold. The strong classical pump pulse Ap(t) is assumed to be unchanging
during FC. The medium is of length L, and z = 0 defines its input face. The nonlinearity of the
medium is assumed uniform throughout its length.
For given values for all of the parameters defined above, and a known pump-pulse shape Ap(t),
FC in a finite medium can be treated as a scattering process that relates the input temporal modes
Aˆj(0, t ′) to the output modes Aˆj(L, t) via a set of Green function (GF) relations:
Aˆj(L, t) =
∑
k=r,s
∞∫
−∞
G jk(t, t ′)Aˆk(0, t ′)dt ′. (2)
Each output field j ∈ {r, s} is linearly dependent on both input fields k ∈ {r, s}, where t ′
denotes an input time and t denotes an output time. This formalism is convenient for analysis of
temporal-mode selectivity [36, 38], as the separability of the four Green function subkernels can
be quantified via their singular-value decomposition [43, 46, 47]:
Grr (t, t ′) =
∑
n
τnΨn(t)ψ∗n(t ′), Grs(t, t ′) =
∑
n
ρnΨn(t)φ∗n(t ′), (3a)
Gss(t, t ′) =
∑
n
τ∗nΦn(t)φ∗n(t ′), Gsr (t, t ′) = −
∑
n
ρ∗nΦn(t)ψ∗n(t ′). (3b)
The functions ψn(t ′), φn(t ′) are the input “Schmidt modes” and Ψn(t),Φn(t) are the corre-
sponding output Schmidt modes for the r and s bands respectively. The Schmidt modes define
the sets of “natural temporal modes” for the FC problem given a particular pump shape and
medium characteristics. For a given integer index n, the quartet of modes are related to each
other in a beamsplitter-like transformation through the Schmidt coefficients (τn, ρn), which obey
the unitarity constraint, |τn |2 + |ρn |2 = 1. In simple terms, if the input state in the s-band were
to be a single photon (or a weak, coherent pulse) in the temporal mode φn(t ′), and the r-band
input were to be vacuum, then the probability (efficiency) of frequency conversion from s-band
to r-band would be |ρn |2. The converted component exits in the r-band in mode Ψn(t), and the
unconverted component (occurring with probability/efficiency |τn |2) exits in the s-band in the
mode Φn(t). Note that each of the four sets of Schmidt modes forms a complete basis set for
its band and input/output context. The effect of FC on an arbitrary input temporal mode can be
easily computed by expressing said input state in the natural input Schmidt-mode basis of the
device and employing the Schmidt-coefficient beamsplitter relations.
We choose to arrange the Schmidt modes in the four sets, and the corresponding Schmidt
coefficients, in decreasing order of conversion efficiency (CE), such that |ρ1 |2 ≥ |ρ2 |2 ≥ |ρ3 |2...
and so on. An FC device with perfect mode discrimination would have a non-zero ρ1, and
ρn>1 = 0, meaning the GF subkernel is separable but not necessarily 100% efficient. A device
with perfect mode selectivity would have ρj = δj,1. To characterize mode-selectivity, we define
a figure of merit called selectivity S = |ρ1 |4/∑∞n=1 |ρn |2 [36]. It has previously been shown
that perfect selectivity cannot be achieved in simple inter-pulse interaction systems due to
time-ordering corrections [37]. But selectivity asymptotically approaching 100% can be achieved
in cascaded, multi-stage FC implementations [37–39,48]. This paper does not address multi-stage
FC.
2.2. Group-velocity matched regime
We can condense all of the model parameters into three dimensionless quantities in order to aid
mapping settings and results from diverse FC systems to this model. These are [36]:
γ˜ = γ
√
L
β′rs
, ζ =
β′rsL
τp
, and ξ =
β′pr
β′ps
, (4)
where τp is the temporal-width of the pump pulse, and β′jk = β
′
j − β′k . γ˜ is an interband
coupling strength. ζ is the signal-idler inter-pulse walk-off relative to pump width, and ξ is the
group-velocity mismatch contrast.
Through an exhaustive numerical exploration [36], we have previously determined that for
good GF separability at low pump energies, as well as the best selectivity (∼ 0.83) at higher
pump energies, the best parameter regime is ξ  ζ  1. By designing the system such that the
group-velocity of the pump pulse is identical to that of one of the other bands (the s-band, for the
definitions in Eq. 4), and highly different from that of the remaining (r) band, we can have ξ →∞.
We call this condition the group-velocity matched (GVM) regime, and it was first considered
in detail in [12]. Very large ζ , however, are physically inaccessible since realistic nonlinear
waveguides have finite length, and the pump pulse needs to remain reasonably narrowband to
maintain phase-matching and avoid higher-order dispersion.
The Green function solutions for the GVM regime are known in closed analytical form [36,44],
which aids in numerical analysis, as well as physical system design. We have validated these
analytical solutions using regime-agnostic wave-mixing simulations based on a numerical split-
step implementation of the propagation and interaction of the various fields [36, 38, 39, 48].
Specifically, we propagate the fields and apply dispersion in the Fourier domain, and “mix”
them using fourth-order Runge-Kutta in the time domain, alternating between the two for every
iteration. We compute the Green functions by running the simulation for a basis set of input
conditions, and computing the overlap of the resulting outputs with another spanning basis set of
functions. The numerical simulations verify that small deviations from the assumed conditions
(GVM regime, absense of higher-order dispersion, etc.) do not cause significant departures from
the predictions of the analytical solutions. We present some of these predictions here.
Fig. 1. Numerically simulated results for γ˜ = 0.141, ζ = 20, and ξ = ∞ (perfect group-
velocity matching) with Gaussian-shaped pump pulse. (a) The first two s-band input Schmidt
modes. (b) The first two r-band output Schmidt modes. (c) Conversion efficiencies of first
four dominant Schmidt modes. Note that φ1(t ′) closely resembles the pump shape, and the
temporal width of Ψ1(t) is larger by a factor of ζ = 20.
In the GVM regime, the group-velocity matched signal (s-band) copropagates with the pump
pulse in the medium, and the unmatched idler (r-band) pulse falls behind (or, in the case of
anamolous dispersion, speeds ahead) of the other two pulses. Consequently, as long as ζ  1 in
addition to the GVM condition, both the input and output s-band Schmidt modes (φ j(t ′), Φj(t))
will have the same temporal widths as that of the pump pulse, and the r-band input and output
modes (ψj(t ′), Ψj(t)) get temporally stretched by a factor of ζ .
In Fig. 1, we plot the first two s-band input Schmidt modes and the first two r-band output
Schmidt modes for a low coupling strength (γ˜ = 0.141). The temporal stretching effect between
the mode widths of the two bands by a factor of ζ = 20 is clearly illustrated. Also note in Fig.
1(c) that although the CE of the first Schmidt mode is miniscule, it is large compared to that of
the second Schmidt mode. The target TM (for optimum FC), which is the first s-input Schmidt
mode in Fig. 1(a), is nearly identical to the pump shape, while the second mode is temporally
orthogonal to the first.
Figure 2 shows the same data as in Fig. 1, but for a higher coupling strength (γ˜ = 0.707), and
two different pump-pulse shapes: Gaussian (Fig. 2(a,b,c)), and first-order Hermite Gaussian (Fig.
2(d,e,f)). Note that the CE of the second Schmidt mode is no longer negligible.
In the GVM regime, even at large pump-pulse energies (coupling strengths), the complex
shape of the pump-pulse envelope fully determines the shape of the dominant s-band Schmidt
modes (Fig. 2(a,d)). The dominant r-band Schmidt modes, however, are influenced very little
by the pump shape, and instead reflect the variation of the medium nonlinearity along the
waveguide propagation direction (Fig. 2(b,e)), which in our case is considered to be uniform. At
Fig. 2. Numerically simulated, dominant Schmidt modes and conversion efficiencies for
γ˜ = 0.707, ζ = 20, and ξ = ∞ (perfect group-velocity matching) with Gaussian (a, b, c) and
first-order Hermite-Gaussian (d, e, f) pump pulses. Due to the lack of any complex phase
structure in the pumps, the Schmidt modes end up being real valued (up to overall phase).
Note that the first (n = 1) s-band input Schmidt modes (a, d) resemble the group-velocity
matched, pump-pulse shapes up to temporal skewing, whereas the first r-band output Schmidt
modes (b, e) get stretched relative to pump width by factor ζ . Also note the independence of
the dominant Schmidt coefficients (c, f) from pump-pulse shape.
low pump-pulse energies, or small γ˜, the first (n = 1) s-band input and output Schmidt modes
are nearly identical to the pump pulse shape (and the first r-band modes look like flat, square
pulses). But at higher γ˜, the first Schmidt mode changes into a temporally skewed version of the
pump pulse (see Fig. 3). The Schmidt coefficients (and therefore, the Schmidt-mode CE) are
independent of the pump-pulse shape. Figure 3(c) depicts the rapid rise of the CEs of the second
and higher Schmidt modes with increasing γ˜, which results in a cap on the maximum achievable
selectivity.
Fig. 3. Numerically simulated, first (n = 1) s-band input Schmidt modes (φ1(t ′)) for ζ = 20,
ξ = ∞, and various γ˜ with (a) Gaussian pump pulses, and (b) first-order Hermite-Gaussian
pump pulses. These plots demonstrate the γ˜-dependent temporal skewing effect. (c) The
conversion efficiencies for the first four dominant Schmidt modes. Plot (c) is identical for
both pump-pulse shapes.
Curiously, for a given γ˜, different orthogonal pump-pulse shapes would result in mutually
orthogonal dominant s-band Schmidt modes, even if the modes cease to resemble the original
pump shapes.
In our experiment, we validate these precise predictions by following two approaches. Firstly,
for given pump-pulse shape and energy, we maximize the signal CE by attempting to match the
s-input Schmidt modes predicted by theory. We numerically precompute the first Schmidt-mode
shape for both Gaussian and Hermite-Gaussian pump pulses for a continuous range of γ˜. Then
the problem of matching the Schmidt mode at a given pump power reduces to CE maximization
through a scan of the single parameter γ˜.
A second means of verifying the model is to keep the signal input pulse shapes static, but delay
them with respect to the pump pulse and chart the CE. For Gaussian and first-order Hermite-
Gaussian pump and signal shapes, four surface plots of CE for various input inter-pump-signal
delays and pump energies have been numerically generated and plotted in Fig. 4. The s-band
Schmidt mode distortions show up as temporal shifts and lobe-peak asymmetries at higher γ˜.
Fig. 4. Numerically simulated, 3D surface plots of conversion efficiencies (CE) vs. input
pump-signal time delay by pump width (τd/τp) for various γ˜ (∝
√
Ppump) for (a) Gaussian
pump and signal, (b) Gaussian pump and first-order Hermite-Gaussian signal, (c) first-order
Hermite-Gaussian pump and Gaussian signal, and (d) first-order Hermite-Gaussian pump
and signal pulse shapes. Note the temporal skewness at higher γ˜, reflected in shift of CE
maxima with respect to mesh grid, as well as asymmetry in lobe peak heights.
2.3. Physical system design and parameter selection
In order to take advantage of theoretical predictions, one must choose the physical system
parameters to match the regimes of applicability of said theory. In the context of TM-selective
frequency conversion, the GVM or near-GVM condition (ξ  ζ  1) must constrain the
selection of waveguide material, length, band central frequencies, and TM bandwidths. At the
time of this writing, only two other groups [14–16,20] have addressed experimental frequency
conversion in a TM-selective context.
The Silberhorn group [14,15,20] use homebuilt, periodically-poled lithium niobate (PPLN)
waveguides with a poling period of about 4.4 µm. Such a period gives the optimum phase-
matching for sum frequency generation (SFG) from bands centered near 1550 nm and 860 nm,
into the band around 550 nm. They engineer their waveguide dispersion to achieve perfect GVM
(ξ →∞) at these wavelengths, and compensate for fabrication errors by tuning the waveguide
temperature in the 150 − 200◦C range. They can thus afford to use longer waveguides (∼ 17 − 27
mm) and short pulse lengths (∼ 200 fs) and obtain large ζ values without having to worry about
signal-pump inter-pulse walkoff within the medium during propagation.
Although exact GVM is optimum for TM-selectivity, one can deviate from perfect signal-pump
GVM and still retain most of its advantages, as long as ξ  ζ  1 is satistied. The Kumar/Kanter
group [16] hit upon an interesting solution that allows for minor deviation from GVM. They used
a 52 mm long, custom PPLN waveguide designed for second-harmonic generation (SHG) from
1544 nm into 772 nm at 73.4◦C, and situated their pump (1556.6 nm) and signal (1532.1 nm)
bands symmetrically on either side of the SHG wavelength, yielding ξ ≈ 215. Their pump/signal
sources and pulse shapers restricted their temporal widths to around 5 ps, implying ζ ≈ 3. The
theory predicts [36, 48] that their selectivity would improve significantly with larger pump/signal
bandwidths, as we have used here.
Fig. 5. (a) The wavenumber (β) and the group velocity (vg = dω/dβ) vs. wavelength (λ) for
a typical 5 µm wide, periodically-poled, MgO:LN waveguide. Also shown are the r-, s-, and
p− bands that we utilize for SFG. (b) Numerically computed, peak normalized joint-spectral
amplitude of the degenerate, Type-0 SPDC photon pairs that would be generated in 5 mm of
such a waveguide when pumped with 0.1 nm wide blue light in the r-band. Also shown are
the signal (s) and pump (p) bands for the SFG process, which are situated symmetrically on
either side of the red second-harmonic generation pump wavelength at 816.6 nm. Due to the
frequency anti-correlatedness of the SPDC joint-spectral amplitude, both s- and p-bands
need to contain non-zero optical energies for SFG to occur into the r-band.
We also employ an SHG waveguide (816.6 nm to 408.3 nm at 24.25◦C) for FC by situating
the signal and pump bands on either side of the red SHG pump band. Typical SHG acceptance
bandwidths are very narrow. As long as the FC-pump band is sufficiently detuned from the
SHG-pump wavelength, so as to avoid pump-only spurious blue-light generation, the relative
spectral flatness of normal dispersion ensures near-GVM conditions (see Fig. 5(a)). One must
choose a temporal width that is small enough to ensure ζ  1 (for large idler-pump walkoff),
but wide enough to ensure that the pump-signal inter-pulse walkoff within the medium remains
a small fraction of the total pulse widths (ξ  ζ). SHG waveguides, when pumped at the sum
frequency can generate degenerate photon-pairs via spontaneous parametric down conversion
(SPDC). The joint-spectral amplitude of the pairs are tightly anticorrelated in frequency (Fig.
5(b)), reflecting the narrowness of the SHG red-pump acceptance band [49]. But the individual
photons of the pair would be wideband, allowing for sum frequency generation from two highly
detuned frequency bands on either side of the SHG-pump wavelength. Here, SFG is really a
band-restricted inverse of SPDC. This behavior makes off-the-shelf waveguides suitable for
TM-selective FC experiments.
3. Experiment
3.1. Apparatus
We derived both our strong pump and weak signal pulses by reshaping the output of a homebuilt,
Kerr-lens mode-locked, ultrafast Ti:Sapph laser with pulse duration of about 80 fs. We tuned
the cavity to cause it to lase at 821 nm with a FWHM bandwidth of around 12 nm, at a pulse
rate of 76 MHz. This beam was spatially expanded to a transverse width of ∼ 10 mm and
sent into a folded, 4 f -configured Treacy-grating-pair [50] pulse shaper, which uses a reflective
spatial-light modulator (SLM) in its Fourier plane (Fig. 6). The pulse shaper utilized a 1800
lines/mm holographic grating in near-Littrow mode, and a cylindrical lens of focal length 250
mm to focus the wavelets onto the SLM. The lens is cylindrical in order to spread the beam
intensity vertically so as to avoid damaging the SLM. This gave us a horizontal spot size of ∼ 30
µm for a given wavelength. We used a custom-made biprism to change the height of the forward
and reflected light to keep the paths symmetric, whilst sacrificing exact normal incidence on the
SLM pixels, which are designed for normal incidence.
Fig. 6. Experimental setup. The holographic grating was used in near-Littrow mode for
both incoming and outgoing beams. The m = 1 order reflection from two separated vertical
blazed gratings rendered on the SLM was recombined on the holographic grating. Both
the input and output couplers of the 5 µm wide, 5 mm long MgO:PPLN waveguide were
single-element aspheric lenses of focal length f = 11 mm. DM stands for dichroic mirror.
Some frequency filters are not shown.
For the SLM, we used aMeadowlark 8-bit, 2D, phase-only liquid-crystal spatial light modulator
of 1920 × 1152 pixel resolution and array size of 17.6 mm ×10.7 mm. The pixels were squares
of size 9.2 µm and the fill factor was 95.7%. The spatial dispersion of the shaper at the SLM
was 0.011 nm/pixel, although, the actual shaper resolution is limited by the spot size. In order to
modulate both amplitude and phase, we used Silberberg group’s [51] first-order approach, where
we form a vertical blazed grating pattern on the SLM and pick off itsm = 1 reflection as the output.
Different phase ramps may be applied to different wavelengths (at different horizontal positions)
to affect the amount of power in the m = 1 reflection, and the phases can be manipulated by
vertically shifting the blazed grating upwards/downwards. We used a vertical period of 44 pixels
in the pump band, and 50 pixels in the signal band, as shown in Fig. 7.
Fig. 7. (a) Typical 8-bit grayscale phase mask applied to the SLM to generate a Gaussian
shaped signal pulse (left band) and a first-order Hermite-Gaussian pump pulse (right band).
Here, the horizontal coordinate maps to different wavelengths. The phase-contrast of the
vertical gratings determines amplitude. Vertically shifting the gratings can affect phase
(note relative shift between the two grating patterns generating the two frequency lobes of
the pump). The curved pattern is for chirp compensation (measured using a commercial
FROG/GRENOUILLE 8-50-USB), and the linear spectral phase on the signal shifts it in
time relative to the pump. (b) Spectra of original Ti:Sapph laser, the signal, and the pump
(first-order Hermite Gaussian, for example) generated by the SLM phase mask in (a). The
three different spectra were captured under different conditions and hence, the relative
heights are not to scale.
For the bandwidths we chose to work with (2 − 2.5 nm), the pump band had sufficient
power to allow for a frequency-resolved-optical-grating (FROG) measurement. A commercial
GRENOUILLE8-50-USBby SwampOpticswas employed for this. This allowed us to characterize
and compensate for the frequency chirp suffered through traversal of the beam through multiple
optical elements by applying quadratic and quartic phase corrections on the SLM phase mask
(Fig. 7(a)). The resulting reduction in the pulse’s temporal width was independently validated on
a homebuilt autocorrelator. Similar chirp compensation was optimized for the signal band by
maximizing the CE at a low pump power in the nonlinear waveguide. Some linear spectral phases
were added to one or both bands to overlap the pulses in time. The bandwidths for both bands
were small enough to overcome any adverse effects from transverse-spatial chirp or pulse-front
tilt induced in the beam by the shaper.
For frequency conversion, we used a standard, off-the-shelf, 5 mm long, SHG chip made of
MgO-doped lithium niobate from AdvR. It had been poled at a period of ∼ 3.1 µm for Type-0
SHG from wavelengths around 810 − 820 nm, and consisted (as is typical) of several waveguides
of varying widths. We chose to work with the 5 µmwaveguide, which at a temperature of 24.25◦C
phase-matched SHG from 816.6 nm to 408.3 nm. The waveguide was placed in a homebuilt oven
whose temperature was controlled using a PID circuit. We confirmed the narrowness of the SHG
red-pump acceptance bandwidth (< 0.5 nm) as well as the wide SFG acceptance bandwidth
(> 15 nm, see Fig. 5(b)) by scanning the frequencies of single-band and dual-band red inputs
generated from the pulse shaper [49] to generate blue light.
Fig. 8. Blue light spectra generated from the waveguide in a typical run. The SFG peak
requires both the pump and signal to be present at the input, whereas the pump-only SHG
peak remains even without the signal, and occurs due to imperfections in poling. The latter
peak can compete with the former at higher pump powers. To use very weak signals (say
sub-single-photon level), very tight spectral filtering will be needed at the blue output arm.
We coupled light into and out of the waveguide using f = 11 mm aspheric lenses, which after
some post-pulse-shaper beam resizing gave us a red-light coupling efficiency of about 30%. The
blue and red beams were separated at the output by a Thorlabs DMLP650 longpass dichroic
mirror, and the pump and signal bands in the red beam were split by angle-tuning two Semrock
FF01-810/10 bandpass filters. Although the SHG/SFG process for the phase-matched frequencies
dominates when controlled for input powers, imperfections in the waveguide resulted in spurious
SHG blue light at all “red” wavelengths. Our process used a strong pump, but a weak signal,
which generated some pump-induced spurious SHG (Fig. 8) at higher pump powers, thus possibly
violating the unchanging, undepleting pump approximation. The SFG and spurious-SHG blue
bands were separated by an angle-tuned Semrock TBP01-400/16 bandpass filter.
3.2. Measurements
The choice of central wavelengths for the pump (821 nm) and the signal (812.2 nm) bands
afforded us ξ > 200. The pump-pulse width was set by the pulse shaper to be ∼ 530 fs, yielding
ζ ≈ 20, landing us well within the near-GVM regime. The pulse shaper allowed us a sufficient
range for time shifting the pump and signal pulses independently of each other. The average
signal powers were chosen around 20 − 40 µW (measured at waveguide output), which for a
laser pulse rate of 76 MHz, translates to 0.26 − 0.53 pJ per pulse. The pump power coupled
into the waveguide was varied from 0 to ∼ 3.5 mW (46 nJ per pulse), which was sufficient
for significant CE [52] without much pump depletion via spurious SHG. In order to compare
theoretical predictions with experimental data, we needed to map the square-root of the pump
power to γ˜ through a proportionality factor σ. We fit all the diverse data for different input
pulse-shape combinations and inter-pulse delays to a single σ value of ∼ 18 /√W.
Before attempting to create ideal input signal shapes matched to the system’s Schmidt modes,
we first studied the system’s behavior when both the pump and signal inputs were Gaussian and/or
first-order Hermite Gaussian. Figure 9 shows the conversion efficiencies recorded for Gaussian-
and (first-order) Hermite-Gaussian-shaped pump and signal input pulses for various pump powers
and initial pump-signal time delays (τd). The pump powers were changed by changing the
phase-contrast of the vertical gratings in the pump band on the SLM. The pump-signal time delay
was scanned in steps of ∼ 18.3 fs by applying a linear spectral phase ramp to the signal band on
Fig. 9. Experimental data: 3D point plots of conversion efficiencies (CE) vs. input pump-
signal time delay (τd) for various γ˜ = σ
√
Ppump (where σ = 18 /
√
W , and Ppump is
average pump power) for (a) Gaussian pump and signal, (b) Gaussian pump and first-order
Hermite-Gaussian signal, (c) first-order Hermite-Gaussian pump and Gaussian signal, and
(d) first-order Hermite-Gaussian pump and signal pulse shapes. Note the temporal skewness
at higher γ˜, as well as asymmetry in lobe peak heights, matching the theoretically predicted
trends from Fig. 4. Vertical error bars are all of order 10−3, not shown.
the SLM and changing its slope. The data reproduces the broad features predicted by theory in
Fig. 4, namely, the temporal-shift (both extent and direction) of the peaks and troughs for the
various shape combinations, as well as the numbers and relative heights of the peaks. This scan
ensures that we aren’t seeing an artificial contrast in CE between pump-signal shape-matched vs.
shape-mismatched cases owing to a setting dependent, systemically applied, extreme time delay
between the pump and signal input pulses. The vertical error bars are all of order 10−3, and are
not shown for the sake of clarity.
For closer comparison, we take a τd = 0 slice of the theoretical graphs and the measured data
from Figs. 4 and 9 respectively, and plot them in Fig. 10. Note that the four possible input shape
configurations follow the expected contrasts in CE. The data points for the first-order Hermite-
Gaussian-shaped pumps are shifted horizontally forward relative to those for the Gaussian-shaped
pumps. This is because for a given temporal-width scale, the first-order Hermite Gaussian
spectrum has a slightly larger bandwidth, giving us more available power to be syphoned off
from the ultrafast seed laser. Also note that for a given pump shape, the signal-shape matched
points are shifted horizontally slightly backward relative to the signal-shape mismatched points,
Fig. 10. CE (conversion efficiency) vs. γ˜ (∝ √Ppump) for various pump and signal input
pulse shapes at a fixed “zero” delay (defined as delay that maximizes CE at low pump power).
The legend label (p j, sk) denotes j-th order Hermite-Gaussian pump pulse, and k-th order
Hermite-Gaussian signal pulse. The solid lines are theory and the error bars are measured
data.
and the shift is larger at higher CE. This is because, due to energy conservation, some amount of
power from the pump pulse is lost along with depletion of signal power during FC. The effect, a
violation of the undepleting pump approximation, is negligible for weak signals, as demonstrated
by the close match of the data with theory.
Fig. 11. CE (conversion efficiency) vs. γ˜ (∝ √Ppump) for j-th order Hermite-Gaussian pump
pulses (pj) and the corresponding first input Schmidt modes (s j). Also shown are CE with
the pump shapes swapped for j ∈ {0, 1}. Solid lines are theory (_th), and markers are
experiment (_ex). Error bars (not shown) are smaller than marker size.
In Fig. 11 we show the CE vs. γ˜ for our attempt to match the exact, first input Schmidt mode
at every γ˜ via numerically computed TM shapes. The plotted points are for Gaussian, and
first-order Hermite-Gaussian pump pulses. The solid lines are the theoretical prediction. The
CE with matched (appropriate to pump shape) Schmidt mode inputs exceeds those of the pure
Hermite-Gaussian-shaped signal inputs from Fig. 10. The measured data falls short of theory at
larger pump powers. We suspect this is due to pump pulse reshaping within the waveguide due
to spurious pump-only second-harmonic generation (see Fig. 8). Despite this, we achieve a CE
contrast of 4.7 to 1 (85% vs. 18%) between the two pump shapes and their corresponding, first
Schmidt modes. The error bars are smaller than the plot markers, and are not shown.
4. Conclusion
We have quantified and demonstrated the importance of group-velocity and temporal-width
parameter regimes that enhance temporal-mode selectivity in nonlinear optical frequency
conversion in χ(2)-waveguides. We have confirmed Kumar/Kanter group’s [16] observation of
the viability of using standard frequency-doubling waveguides around the SHG wavelengths, and
shown one such case functioning at near room temperature. And we have illustrated the use of a
single, large, Treacy-grating-pair pulse shaper, in conjunction with an ultrafast, titanium-sapphire
laser and a reflective spatial-light modulator, to manipulate both the pump and signal fields,
shapes and time delays. And we have demonstrated the accuracy of the coupled-mode model
equations in predicting the experimental results.
The mode-separability achieved at 50% conversion is significant enough to advance to
cascaded frequency conversion schemes [37–39], and study the gains in high-CE separability
from temporal-mode interferometry, thus bringing us a step closer to a highly-selective quantum
pulse gate (QPG) [5, 12, 13, 36]. The use of off-the-shelf waveguides and other ubiquitous
resources should empower other groups without access to waveguide fabrication facilities to
invest in temporal-mode selective frequency conversion research, which is sorely needed in this
new, rapidly evolving field.
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